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-._- 

COBRELATIOY OF THE D U G  CSARACTXRISTICS QE A P-51B AIRPLAYE 

OBTAINED F2.02~1 HIGZ-SPEED VIXI-T3NNEL AYD FLIGHT T3ST.S 

. 

By James M .  N i s s e n ,  B u r n e t t  L o  G a d e b e r g ,  and  
W i l l i a m  T .  X a m i l t o n  

" E d i t o r i a l  Wote 

"Wiih  f u l l  r e c o g n i t i o n  o f  t h e  h a z a r d s  i n -  
v o l v e d ,  t h e  s e n i o r  a n t h o ?  o f  t h i s  r e p o r t ,  N a C l  
T e s t  P i l o t  J a n e s  K .  ; ; i s sen  macle a s e r i e s  o f  
d i v e s  w i t h  t h e  Y - 5 1 3  a i r p l a n e  w i t h o u t  p r o p e l l e r ,  
b e c a u s e  t h e  need.ed d a t a  c o u l d  b e  o b t a i n e d  i n  n o  
o t h e r  way. A f t e r  t h r e e  s i i c c e s s f u l  d i v e s  a t  s ' ic-  
c e s s i v e l ; ;  h i g h e r  P s c h  n u n 3 e r s ,  t h e  t o w r o p e  c o n -  
n e c t i o n  b r o k e  a t  a l o w  a l t i t u d e  a n d  t h e  t o w r o s e  
w r a p p e d  a r o u n d  h i s  n i r p l s n e .  J i t h  g r e a t  s r ; i l l  
a n d  c o u r a g e  Mr. Wissen  s t a y e d  w i t h  t h e  a i r p l q n e  
a n d  made a f o r c e d  l a n d i n g  i n  r o u g h  t e r r s i r L  witl1- 
o u t  damag ing  t h e  e l a b o r a t e  r e s e a r c n  i n s t r u m e n t a -  
t i o n .  A l t h o u g h  t h e  a i r p l a n e  W ~ S  washed O U ~ ,  :Ir. 
N i s s e n  e s c a p e d  w i t h  minor  i n j u r i e s ,  

I n  o r d e r  t o  o b t a i n  a c o r r e l a t i o n  o f  d r a r  d s t n  from wind-  
t u n n e l  a n d  f l i g h t  t e s t s  a t  h i g h  Mach n u r b e r s ,  a P -513  a i r -  
p l a n e ,  w i t h  t h e  p r o p e l l e r  r e m o v e d ,  was t e s t e d  i n  f l i g h t  a t  
Mach n u m b e r s  u p  t o  0 , 7 5 5 ,  and  t h e  r e s u l t s  w e r e  c o ~ p a r o d  w i t h  
w i n d - t u n n e l  t e s t s  o f  a 1 / 3 - s c a l ~  m o d - 1  o f  t h e  s i r p l a n e .  

.' 

I 

I -' 

The t e s t  r e s u l t s  s h o w  t h a t  t h e  c?raP; c h a r a c t e r i s t i c s  O f  
t h e  P -51B a i r p l a n e  c a n  b e  p r e d i c t e d  w i t h  s z t i s f a c t o r ; T  acc ' i -  
r a c y  f r o m  t e s t s  i n  t h e  1 6 - f o o t  u i n d  t u n n e l  o f  t h e  Ames l e r o -  
n a u t i c a l  L a b o r a t o r y  a t  b o t h  high a n 3  l o w  Mach ni-mbers.  I t  i s  
c o n s i d e r e d  t h a t  t h i s  r e s u i t  i s  r i o t  u n i q u e  w i t h  .ch is  a i r p l a n e .  



N A C A  ACR No.  4K02 

I N T R O D U C T I  O?? 

2 

P r a c t i c a . l l y  a l l  t h e  a v a i l a b l e  d a t a  on t h e  d r a g  c h s r a c -  
t e r i s t i c s  o f  a i . r . r , lanss  a t  h f g h  spee6 . s  h a v e  b e e n  o b t a i n e d  
f r o m  w i n d - t u n n e l  t e s c s ,  The r e l i a b i l i t y  o f  t h e s e  d a t a  h a s  
b e e n  q u e s t i o n e d  b e c a u z e  o f  t h e  f a c t  t h a t  (l! su i*veys  h a v e  
i n d i c a t e d  t h a t  t h e  us-lial s t r u t - s u p p o r t  s y s t e m s  n a v e  a marked  
i n f l - u e n c e  on t h e  f l o w  a t  t h e  p o s i t i o n  o f  t h e  m o d e l ,  ( 2 )  t h e  
c a l c u l a t e d  w a l l  i n t e r f e r e n c e ,  a l v a y s  R soinewhat d u b i o u s  f a c -  
t o r ,  i n c r e a s e s  r a n i d l y  w i t h  Mach n u n b e r ,  a n d  (3) t h e  magn i -  
t u d e  o f  t h e  e f f e c t s  o f  R e y n o l d s  nuuiber a t  h i g h  s p e e d s  i s  un -  
known, I t  was e v i d e n t  t h a t  a c0111pa.rison o f  a c c u r a t e  f l i g h t  
a n d  w i n d - t u n n e l  t e s t  d a t a  “15s n e e d e d  t o  d e t e r I ; i n e  t h e  r e l i a -  
b i l i t y  o f  t h e  w i n d - t u n n e l  t e s t  d a t a .  

Of t h e  l i m i t e d  amount  o f  f l i g h t  d a t a  a v a i l . t b l e  f r o &  
h i g h - s p e e d  d i v e s ,  n o n e  w e r e  c o n s i d e r e d .  s a t i s f a c t o r y  f o r  s u c h  
a c o m p a r i s o n ,  F o r  t h e  most  p a r t ,  t h e  m e a s u r c x e n t s  o f  a i r -  
s p e e d  and  a l t i t u d e  v e r e  n o t  a b o v e  s u s p i c i o n .  hven  f o r  t h o s e  
c a s e s  w h e r e i n  t h i s  o b j e c t i 3 n  c o - i l d  n o t  b e  r a i s e d ,  t h e  p r o b -  
a b l e  e r r o r  i n t r o d u c e d  i n  a t t e m ? ’ i i n g  t o  c o r r e c t  f d r  t h e  i n -  
f l u e n c e  o f  t h e  p r o p u l s i o n  sys te in  i n  t l i e  d e t e r r f i i n a t i o n  of  
d r a g  made c o m p a r i s o n s  w i t h  h i g h - s p e e d  w i n a - t u n n e l  d a t a  f o r  
p r o p e l l e r l e s s  m o d e l s  o f  d o u b t f u l  valii.e, 

n 

The p u r p o s e  o f  t h e  i n v e s t i q a t i o n  h e r e i n  d l s c ’ i s s e ;  was 
t o  o b t a i n  a n  a c c u r a t e  c o ~ n o a r i s o n  of  t h e  drag c o n f f i s i e n t s  a t  
h i g h  Mach numbers  as  m e a s u r e d  i n  f i i , : h t  and  i n  t h e  v i n d  t i in-  
n e i ,  I n  o r d e r  t o  o b t a i n  f l i g h t  n a t a  s t r i c t l y  c 3 n l p ~ r a b l e  t o  
t h o s e  o b t a i n e d  from a model  o f  t h e  P -E l l ?  a i r p l z n e  i n  t h e  
h e s  1 6 - f o o t  s i n d  t x n n e l ,  5 h e  f l i g h t  a a t s  v F r e  o 5 t n i n e d  i n  
d i v e s  o f  tnis a i r p l a n e  wit:; p r o p e l l e r  rern3vc.d. 

It 

D e s c r i p t i o n  o f  t h e  h i r p l a n e  

The X o r t h  h u i e r i s a n  P - 5 1 B  a ’ r p ~ a n e  use? .  for t h e  f l i g h t  
t e s t s  was a s i n g l e - e n < i n e ,  low-wing, c a n t i l e v e r  n o n o n l a n e  
w i t h  r e t r a c t a b l e  l a n d i n g  g e a r  a n d  p a r L i a l - s p a n  p l a i n  f l a p s  
F i g u r e  1 i s  a t h r e e - v i e w  d r a w i n p  o f  t h e  a i r p l a 2 e p  a n d  t k ?  
p h o ~ o ~ r a p h  of  f i g u r e  2 shows t h e  a i r p l a n e  as  i n s t r u a e n t e c l  
f o r  t h e  f l i g h t  t e s t s ,  
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The p e r t i n e n t  s p e c i f i c a t i o n s  o f  t h e  a i r p l a n e  as t e s t e d  
w e r e  as  follows: 

I -  

I ". 

A i r p l a n e  
M a n u f a c t u r e r  . . . . . . . . . .  Nort l i  Amer ican  Av4 a t i o n ,  

Inc. 
Type . . . . . . . . . . . . . . . . . . . .  P-SiE-L-'T-4 
Army number . . . . . . . . . . . . . . . . .  43-i%11 

Ell19ty . . . . . . . . . . . . . . . . . . . .  7 5 0 3  lb 
N o r m a l  g r o s s  . . . . . . . . . . . . . . . . .  9 7 G 3  l b  
As f l o w n  f o r  t h e s e  t e s t s  . . . . . . . . . . .  7335 Ib 

Normal  g r o s s  . . . . . . . . . . . . .  3 5 . 9  l b  p e r  sq  f t  
A s  f l o w n  f o r  t h e s e  t e s t s  . a I . . 3 1 , 4  lb p e r  s q  f t  

t e s t s )  . . . . . . . . . . . . . . .  2 5 . 3  p g r c e n t  N.A.C. 

S p a n .  . . . . . . . . . . . . . . . . . . . . .  3 7 . 0 3  f t  
Area . . . . . . . . . . . . . . . . . . . .  2 3 3 , 2  sn_ f t  
R o o t  c h o r d  . . . . . . . . . . . . . . . . . . .  1 6 4  ic. 
A i r f o i l  s e c t i o n  . . . . . . . . . . .  N d A - X A C h  low drag 
A s p e c t  r a t i o  . . . . . . . . . . . . . . . . . . .  5.815 
T a p e r  r a . t i o  . . . . . . . . . . . . . . . . . . .  0,449 
T h i c k n e s s  r a t i o  ( m e a s i i r e d )  

R o o t .  . . . . . . . . . . . . . . . . . . . . .  0,163 
T i p . .  . . . . . . . . . . . . . . . . . . . .  0.107 

Root  . . . . . . . . . . . . . . . . . . . . .  1 O O G '  
T i p . .  . . . . . . . . . . . . . . . . . . . .  -9'53' 

5 O  

W e i g h t  

Wing l o a d i n g  

C e n t e r  of g r a v i t y  ( a s  f l o w n  f o r  t h e s e  

Wing 

I n c i d e n c e  

D i h e d r a1 

Mean a e r o d y n a n i c  chorc? . . . . . . . . . . . . .  7 9 , G  i n .  
L o c a t i o n  o f  mean a e r o d y n a m i c  

( 2 5 - p e r c e n t .. ch o r  d 1 i n e ) . . . . . . . . .  
SweeFback  ( m e a s u r e d  a l o n g  l e a d i n g  e d g e )  , 3 O 3 5 ' 3 2 "  

c h o r d  . . . . . . . . . . . . .  L e a d i n g  e d g e  of I ! . A . C .  
i s  6 . 1  i n .  aft a n d  ci.2 
i n .  a b o v e  t h e  l e a d i n g  
e d g e  o f  t h e  w i n g  r o o t ,  

H o r i z o n t a l  t a i l  s u r f a c e s  
S t a b i l i z e r  

A r e a  . . . . . . . . . . . . .  2 7 ,  5t? sq- f t  ( i n c l - . i d j n q  
f u s e l e q e )  

Span . . . . . . . . . . . . . . . . .  13  f t  2 .12  i n .  
I n c i d e n c e  ( f o r  t h e s e  t e s t s )  . . . . .  1' ( r e l a t i v e  t o  

f u s e l a g e  a x i s )  

Area . . . . . . . . . . . . . .  13,05 sa_ f t  ( t o t a l )  
E l e v a t o r s  ( a l l  m e t a l  f o r  t h e s e  t e s t s )  

S p a n  . . . . . . . . . . . . . . . . .  13 f t  2 . 1 2  in. 
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V e r t i c a l  t a i l  s u r f a c e s  
F i n  

Area  . . . . . . . . . . . . . . . . . . .  9.61 S q  f t  
S p a n . .  . . . . . . . . . . . .  ,, . . . .  5'7 i n .  
S e t t i n g  . . . . . . . . . . . . . . . . .  l o  l e f t  

A r e a  . . . . . . . . . . . . . . . . . . .  1 0 . 4 1  s q  f t  
S p a n . .  . . . . . . . . . . . . . . . . .  74,4 i n .  

Rudder  

The s t a b i l i z e r  i n c i d e n c e  was s e t  a t  1' i n s t e a d  of t h e  
n o r m a l  2' f o r  t h e  P-51B-1-NA a i r p l a n e ,  i n  o r d e r  t o  r e d u c e  
t h e  e l e v a t o r  a n g l e  r e q u i r e d  f o r  t r i n  a t  h i g h  Mach n u m b e r s ,  
and  a p a i r  o f  m e t a l - c o v e r e d  e l e v a t o r s  was s u b s t i t u t e d  f o r  
t h e  u s u a l  f a b r i c - c o v e r e d  e l e v a t o r s  ., 

I n  o r d a r .  t o  s i m u l a t e  a s  c l o s e l y  a s  p o s s i b l e  t h e  model  
a s  t e s t e d  i n  t h e  wind t u n n e l ,  t h e  p r o p e l l e r  was removed.  A 
s p i n n e r  w a s  i n s t a l l e d  t o  p r e s e r v e  t h e  smooth  a i r  f l o w  o v e r  
t h e  f o r w a r d  p o r t i o n  of  t h e  f u s e l a g e .  The t o w - r e l e a s e  mecha- 
n ism was h o u s e d  w i t h i n  t h e  s p i n n e r  and  was f i t t e d  f l u s h  w i t h  
t h e  s o i n n e r  n o s e  ( f i g .  3 ) .  The r e l e a s e  mechanism was mechan- 
i c a l l y  o p e r a t e d  b y  t h e  p i l o t .  A s p e c i a l  h y d r a u l i c  pump, 
e l e c t r i c  m o t o r ,  a n d  b a t t e r i e s  were  i n s t a l l e d  t o  a c t i v a t e  t h e  
l a n d i n g  f l a p s  and  g e a r ,  The c a r b u r e t o r  a i r  s c o o p  was s e a l e d  
a b o u t  3 f e e t  f rom t h e  s c o o p  l i p ,  t h e  bomb r a c k s  were  r emoved ,  
and t h e  s u r f a c e  o f  t h e  a i r p l a n e  s a n d e d  w i t n  f i n e  s a n d p a p e r ,  
s h e l l a c k e d ,  and  waxed,  

I n s t r u m e n t  a t  i o n  

S t a n d a r d  NACA p h o t o g r a p h i c a l l y  r e c o r d i n g  i n s t r u m e n t s  
were  u s e d  t o  o b t a i n  a i r s p e e d ,  a l t i t u d e ,  a n d  no rma l  and  l o n g i -  
t u d i n a l  a c c e l e r a t i o n  a s  a f u n c t i o n  o f  t i m e .  Two c o m p l e t e  
a n d  i n d e p e n d e n t  s e t s  o f  i n s t r u m e n t s  were  i n s t a l l e d  f o r  t h e  
f l i g h t  t e s t s .  Each s y s t e m  of i n s t r u m e n t a t i o n  u t i l i z e d ,  as  
s o u r c e s  of  s t a t i c  and  t o t a l  p r e s s u r e s ,  a f r e e l y  s w i v e l i n g  
P i t o t - s t a t i c  heai?. These  t w o  p i t o t - s t a t i c  h e a d s  were  
mounted o n  booms l o c a t e d  b e n e a t h  a n d  e x t e n d i n g  a p p r o x i m a t e l y  
0.8 O f  t h e  l o c a l  w ing  c h o r d  ahead  of e a c h  w i n g  t i p .  ( C f ,  
f i g s .  1 a n d  2.) A s e r v i c e  t o t a l - h e a d  t u b e  o f  round s e c t i o n ,  
w h i c h  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  f u s e l a g e  s t a t i c - p r e s s u r e  
o r i f i c e s ,  was mounted b e n e a t h  t h e  r i g h t  w ing  on t h e  s t a n d a r d  
a i r s p e e d  mast. 

The p r e s s u r e  l i n e s  f rom t h e  P i t o t - s t a t i c  h e a d s  t o  t h e  
r e c o r d i n g  i n s t r u m e n t s  were  made as  s 3 o r t  a s  p o s s i b l e  t o  
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m i n i m i z e  l a g ,  a n d  t h e  l i n e s  t o  t h e  r e c o r d . i n g  a i r s p e e d  m e t e r s  
w e r e  b a l a n c e d  s o  a s  i o  g i v e  e q u a l  f l c w  r a t e s  i n  t h e  s t a t i c -  
a n d  t o t a l - p r e s s u r e  t u b e s .  Each p i t o t - s t a t i c  h e a d  c o n s i s b e d  
of  two s t a t i c - p r e s s u r e  t u b e s  and one  t o t a l . - h e a d  t u b e ,  w h i c h  
p e r m i t t e d  t h e  u s e  o f  i n d e p e n d e n t  s o u r c e s  o f  s t a t i c  p r e s s u r e  
f o r  b o t h  t h e  a i r s p e e d  a n d  a l t i t u d e  r a c o r d e r s .  Ground t e s t s  
o f  a rrock-up o f  t h e  a i r s p e e d  and a l t i . t u d e  p r e s s u r e  l i n e s  i n -  
d i c a t e d  t h a t  t h e  lag i n  t h e  s y s t e m ,  a t  t h e  rfiaximum r a t e s  o f  
d e s c e n t ,  c a u s e d  a n  e r r o r  i n  t h e  r e c o r d e d  a l t i t u d e  o f  o n l y  
250 f e e t .  

The r e c o r d i n g  i n s t r u m e n t s ,  a s  i n s t a l l e d  i n  t h e  a i r p l a n e ,  
c o u l d  b e  r e a d  t o  * 2  m i l e s  p e r  h o u r  f o r  t h e  a i r s p e e d ,  *250 
f e e t  f o r  t h e  a l t i t u d e ,  i O o , O l g  f o r  t h e  l o n g j  t u d i n a l  a c c e l e r a -  
t i o n ,  a n d  *O.lg f c r  t h e  a o r m a l  a c c e l a r a t i c n ,  

The r e c o r d i n g  a c c e i e r o m e t e r ,  f r o m  tdh ich  t h e  d r a g  d a t a  
w e r e  d e t e r n i n e d ?  was mounted 4 f e e t  a f t  and 1 f o o t  a b o v e  t h e  
c e n t e r  o f  g r a v i c y  o f  t h e  a i r p l a n e ,  ?'he c r f c c ' S  o f  a n g u l a r  
a c c e l e r a t i o n s  of t h e  a i r 2 l a n e  d u r i n g  ike C i ~ v t ? ~  o n  t h e  r e -  
c o r d i n g s  o f  t h e  ~ c ~ ~ i e r o i n e t e r  was f o u n d  t o  b e  n e g l i g i b l e .  

C a l i b r a t i o n  of t h e  P i t o t - s t a t i c  Tubes  

A c o r r e c t i o n  € o r  t h e  p o s i t i o n  e r r o r  o f  t h e  P i t o t - s t a t i c  
t u b e s  was, d e t z r m i n e d  by  f l y i n g  t h e  a i r p l a n e  a t  a known c o n -  
s t a n t  p r e s s u r e  a l t i t u d e  a t  v a r i o u s  a i r s p e e d s ,  w h i l e  r e c o r d s  
w e r e  made o f  t h e  a i r s p e e d  a n d  a l t i t u d e ,  I t  was a s s u n e d  t h a t  
t h e  m e a s u r e m e n t s  o f  t h e  t o t a l  p r e s s u r e  w c r e  c c ~ r r e c t  a n d  t h a t  
t h e  v a r i a t i o n  o f  r e c o r d e d  a l t i t u d e  w i t h  a i r s p e e d  a t  t h e  con-  
s t a n t  p r e s s u r e  a l t i t u d e  r e s u l t e d  f rom t h e  p o s i t i o n  of t h e  
s t a t i c  t u b e s .  Assuming t h e  e r r o r  i n  t h e  m e a s u r e d  s t a t i c  
p r e s s u r e  t o  b e  t h e  c o m p l e t e  e r r o r ,  t h e  i n d i c a t e d  a i r s p e e d  
w a s  c o r r e c t e d  by t h e  u s e  o f  t h e  s t a n d a r d  f o r m u l a  

w h e r e  

V i  c o r r e c t  i n d i c a t e d  a i r s p e e d ,  m i l e s  p e r  h o u r  

8 f r e e - s t r e a m  t o t a l  p r e s s u r e ,  i n c h e s  o f  m e r c u r y  

p f r e e - s t r e a m  s t a t i c  p r e s s u r e ,  i n c h e s  o f  m e r c u r y  
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T h i s  c o r r e c t i o n  i s  p r e s e n t e d  i n  f i g u r e  4 a n d  was a p p l i e d  
t o  t h e  a i r s p e e d  c a l i b r a t i o n .  S i n c e  t h e  rcaximum e r r o r  of  a l -  
t i t u d e ,  as  d e t e r m i n e d  by t h i s  c a l i b r a t i o n ,  was smal le r  t h a n  
t h e  l e a s t  r e a d i n g  of  t h e  a l t i m e t e r ,  no a t t e m p t  was made t o  
c o r r e c t  t h e  a l t i m e t e r  r e a d i n g s  f o r  p o s i t i o n  e r r o r .  The a c -  
c u r a c y  o f  t h e  s w i v e l i n g  p i t o t - s t a t i c  h e a d  h a s  b e e n  i n v e s t i -  
g a t e d  a t  Mach numbers  u p  t o  0.80 i n  t h e  1 6 - f o o t  wind  t u n n e l ,  
a n d  t h e  r e s u l t s  showed t h e  e f f e c t s  of c o m p r e s s i b i l i t y  t o  b e  
n e g l i g i b l e  o v e r  t h e  f l i g h t  r a n g e  i n v e s t i g a t e d .  

T e s t s  

I n  o r d e r  t o  d e t e r m i n e  t h e  d r a g  c o e f f i c i e n t  of t h e  a i r -  
p l a n e  a t  h i g h  Mach numbers  i n  a c o n f i g u r a t i o n  t h a t  w o u l d  
l e n d  i t s e l f  t o  d i r e c t  c o r r e l a t i o n  w i t h  w i n d - t u n n e l  t e s t s ,  
t h e  a i r p l a n e  ( w i t h o u t  p r o p e l l e r )  was towed t o  h i g h  a l t i t u d e s  
by a N o r t h r o p  P-61A a i r p l a n e  ( f i g .  5), w h e r e  t h e  p i l o t  O f  
t h e  P-51B a i r p l a n e  r e l e a s e d  t h e  t o w .  The a i r D l a n e  was t h e n  
d i v e d  t o  h i g h  Mach numbers  a n d  a t  t h e  c o m p l e t i o n  of t h e  d i v e  
i t  was l a n d e d  o n  t h e  s u r f a c e  o f  a d r y  l a k e .  

I n  o r d e r  t o  o b t a i n  t h e  h i g h  Mach numbers  a t  a s a f e  a l t i -  
t u d e ,  t h e  a i r p l a n e  was towed t o  a s  h i g h  a n  a l t i t u d e  as p o s -  
s i b l e ,  w h i c h  was a p p r o x i m a t e l y  2 8 , 0 0 0  f e e t  p r e s s u r e  a l t i t u d e  
f o r  t h e  t h i r d  f l i g h t  i n  wh ich  a Mach number o f  0.?55 was o b -  
t a i n e d .  

D u r i n g  t h e  d i v e s  t h e  r a d i a t o r - s c o o p  f l a p  was l o c k e d  i n  
t h e  f l u s h  p o s i t i o n  a t  a l l  t i m e s .  

T h r e e  d i v e s  w e r e  made s u c c e s s f u l l y ,  e a c h  t o  s u c c e s s i v e l y  
h i g h e r  Mach n u m b e r s ,  b u t  on t h e  f o u r t h  a t t e m p t  a f o r c e d  l a n d -  
i n g  was n e c e s s i t a t e d  s o o n  a f t e r  t a k e - o f f  d u e  t o  a n  u n e x -  
p l a i n e d ,  p r e m a t u r s  r e l e a s e  of  t h e  t o w  c a b l e  f r o m  t h e  tow 
p l a n e .  The f o r c e d  l a n d i n g  damaged t h e  P-51B a i r p l a n e  b e y o n d  
r e p a i r ,  and  h e n c e  t e r m i n a t e d  t h i s  s e t  o f  t e s t s .  

C o m p u t a t i o n  of  t h e  D r a g  C o e f f i c i e n t  

The d r a g  c o e f f i c i e n t  was computed f r o m  v a l u e s  o f  t h e  
a i r s p e e d ,  a l t i t u d e ,  l o n g i t u d i n a l  a c c e l e r a t i o n ,  a n d  n o r m a l  
a c c e l e r a t i o n  by t h e  u s e  of t h e  f o l l o w i n g  e q u a t i o n :  

CD = [AZ s i n  a - AX c o s  a] 
9 
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where  

CD a i r 7 l a n e  d r a g  c o e f f i c i e n t  

W a i r p l a n e  w e i g h t ,  pounds  

S w i n g  a r e a ,  s q u a r e  f e e t  

q d y n a m i c  p r e s s u r e ,  2ou.nds p e r  s q u a r e  f o o t  

A Z  a l g e b r a i c  sun of o o a p o n e n t s ,  a l o n g  a i r p l a n e  Z - a x i s ,  o f  
a i r p l a n e  a c c o l  e r n t i o n  and .  a c c e l e r a t i o n  d u e  t o  g r a v i t y ,  
i n  t e r m s  of  s t a n i l a r d  g r a v i t a t i o n a l  u n i t  ( 3 2 , , 2  f t / s e c z ) .  
P o s i t i v e  when d i r c c t q a  up'.rard as i n  n o r n s l  l e v e l  
f 1 i g h  t 

AX a l g e b r a i c  s u n  o f  componen t s ,  a l o n g  a i r p l a n e  X - a x i s .  o f  
a i r p l a n e  a c c e l e r a t i o n  and a c c s l c r a . t i o n  d u e  t o  g r a v i t y ,  
i n  t e r m s  of s t a n d a r d  g r a v i t a t i o n a l  u n i t  ( 3 2 . 2  f t / s c c " ) .  
P o s i t i v e  when d i r e c t e d  forwa.rd a s  i n  8. t a k e - o f f .  

n a n g l e  o f  a t t a c k  o f  r e f e r e n c e  l i n e  o f  t h e  a c c e l e r o m e t e r ,  
d e g r e e s  

The a n g l e  o f  a t t a c k  of t h e  a i r p l a n e  f o r  a g i v e n  l i f t  
c o e f f i c i e n t  was d e t e r m i n e d  f r o n i  m e a s u r e r e n t s  made o f  a P-51B 
a i r p l a n e  i n  t h e  L a n g l e y  f u l l - s c a l e  w i c d  t u n n e l .  !TO e f f e c t s  
of  c o m p r e s s i b i l i t y  on t h i s  d e t e r m i n a t i o n  were  c o n s i d e r e d .  

An a t t e m p t  was made t o  d e t e r m i n e  t h e  d r a g  c o e f f i c i e n t  
Of t h e  a i r p l a n e  by t h e  u s e  o f  t i m e  h i s t o r i e s  of  a l t i t u d e  a n d  
a i r s p e e d  and  by  u s e  o f  t h e  f o l l o w i n g  e q u a t i o n :  

1 dh  / d  t dv / d  t 
V E? 

where  

d h / d t  r a t e  o f  c h a n g e  of t r u e  a l t i t u d e ,  f e e t  p e r  s e c o n d  

d v / d t  r a t e  of c h a n g e  o f  t r n e  a i r s p e e d ,  f e e t  p e r  s e c o n d  
p e r  s e c o n d  

g a c c e l e r a t i o n  o f  g r a v i t y ,  32 .2  f e e t  p e r  s e c o n d  p e r  
s e c o n d  

I t  was f o u n d ;  h o w e v e r ,  t h a t  t h e  s l i g h t e s t  i n a c m r a c y  i n  
t h e  d e t e r m i n a t i o n  o f  t h e  a i r s p e e d  c u r v e  a n d  i t s  s l o p e  wou ld  
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p r o d u c e  a b s u r d  r e s u l t s .  N e g a t i v e  d r z g  c c e f f i c i e n t s  c o u l d  b e  
c a l c u l a t e d  by t h i s  method. a s  well as  e x c s s s i v e l y  h i g h  d r a g  
c o e f f i c i e n t s .  C o n s e q u e n t l y ,  t h i s  method was d i s c a r d e d  a n d  
a l l  f l i g h t - d r a g  r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  h a v e  b e e n  
d e r i v e d  f r o m  a c c e l e r o m e t e r  d a t a .  

P l i g h t  -Tes t Data 

D i v e s  were  made t o  1:ach numbers of 0.710, 0.730,  a n d  
0 .755 .  B e f o r e  e a c h  f l i g h t ,  t h e  s u r f a c e  o f  t h o  a i r p l a n o  was 
c a r e f u l l y  wiped  c l e a n  t o  p r e s e r v e  as smoo th  a f i n i s h  a s  p o s -  
s i b l e  d u r i n g  t h e  d i v e s .  However,  d u e  t~ t h e  s h o r t  l e n g t h  o f  
t h e  o i i a d  s t r i p  on t h e  l a k e  b e d ,  wh ich  was u s e d  f o r  t a k e . - o f f  
( a b o u t  2 5 0 3  r t ! ,  t h e  a i r p l a n e  gntnpre l : .  some d u c t  o n  t h e  l e a d -  
i n g  e d g e s  o f  :he wing  and  t a i l  3116 ? a r t s  of t h e  f u s e l a g e ;  

t h e  a i r p l a n e s  r a n  o f f  t h e  end. o f  t l i e  o i l e d  t a k e - o f f  
s t r i p  arid o n t o  t h e  d u s t y  s u r f a c e  o f  t h e  l a k e  b e d -  

Of t h e  t h r e e  f l i g h t s  made ,  t h e  a i r p l a x e  :.tad t h e  m o s t  
d u s t  on i t s  s u r f a c e  d u r i n g  t h e  f i r c t  f l i g h t  ( f l i g h t  1 0 8 1 ,  
t h e  l e a s t  d u r i n g  t h e  s 2 c c n d  f l i g h t  ( f l i g h t  lOS)$ and a n  i n -  
t e r m e d i a t e  amount d u r i n g  t h e  l a s t  f l i g h t  ( f l i g h t  110). The 
d u s t i n e s s  of  t h e  w i n d s h i e l d ,  t h e  n o s e  s e c t i o n ,  a n d  t h e  l e a d -  
i n g  e d g e s  of  t h e  wing  a n d  r a d i a t o r  s c o o p  a f t e r  t h e  f i r s t  
d i v e  may b e  e s t i m a t e d  f rom f i g u r e s  6 ,  7 ,  a n d  8 .  (The  c r o s s e s  
h a v e  b e e n  made by  w i p i n g  t h e  s u r f a c e  f r e e  o f  c i ~ l s t  w i t h  a 
c l o t h , )  

The r e s u l t s  o f  t h e  d i v e  t e s t s  a r e  p r e s e n t e d  i n  f i g u r e s  
9 t o  1 2 ,  w h i c h  show l i f t  c o e f f i c i e n t  and  d r a g  c o e f f i c i e n t  
p l o t t e d  a s  a f u n c t i o n  o f  Mach number f o r  t h e  t h r e e  d i v e s ,  
a n d  i n  f i g u r e s  13 ,  1 4 ,  and  1 5 ,  w h i c h  show t h e  v a r i a t i o n  of 
d r a g  c o e f f i c i e n t  w i t h  l i f t  c o e f f i c i e n t  o f  t h e  a i r p l a n e  a t  
Mach n u m b e r s  b e l o w  t h a t  of d r a g  d i v e r g e n c e  ( t h e  Mach number 
att w h i c h  t h e  d r a g  c h a r a c t e r i s t i c s  d i v e r g e  f r o m  t h e i r  l o w -  
s p e e d  t r e n d  as  t h e  Mach number i s  f u r t h e r  i n c r ? a s e ! L ) .  

On f i g u r e s  9 :  1 0 ,  and 11 f a i r e d  c u r v e s  h a v e  S e e n  d r a w n  
t h r o u g h  t h e  t e s t  p o i n t s  a s  w e l l  2 s  a c u r v e  f o i l o w i n g  t h e  
p o i n t s .  I t  i s  a p p a r e n t  t h a t  c tu r ing  a l l  t h r e e  of  t h e  f l i g h t s ,  
t h e  d r a g  c o e f f i c i e n t  v a r i e d  w i t h  t h e  l i f t  c o e f f i c i e n t  a t  
Mach n u m b e r s  b o t h  above  a n d  be low t h a t  o f  d r a g  d i v e r g e n c e ,  
The f a i r e d  c u r v e s  on t h e s e  f i g u r e s  were  drawn a f t e r  s o n s i d e r -  
i n g  t h e  v a r i a t i o n s  of f i g u r e s  13 ,  1 4 ,  a n d  15,  

A c o m p a r i s o n  of t h e  d a t a  of f i g u r e s  9 ,  1 0 ,  a n d  11, a s  
shown i n  f i g u r e  1 2 ,  i n d i c a t e s  t h a t .  t h e  n i n i m u n  d r a g  of  t h e  
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a i r p l a n e  was a f f e c t e d  by t h e  p r e s e n c e  o f  d u s t  on t h e  s u r f a c e  
o f  t h e  a i r p l a m e  a n d  t h a t ,  as would b e  e x p e c t e d ,  t h e  d u s t i e r  
t h e  s u r f a c e ,  t h e  h i g h e r  t h e  minimum d r a g  of  t h e  a i r p l a n e .  
I t  i s  n o t e w o r t h y  t h a t  t h e  Mach number o f  d-rag d i v e r g e n c e  a n d  
t h e  v a r i a t i o n  of  d r a g  c o e f f i c i e n t  w i t h  Mach number a b o v e  t h e  
Mach number of d r a g  d i v e r g e n c e  a r e  e s s e n t i a l l y  u n a f f e c t e d  by  
t h e  p r e s e n c e  of d u s t  on t h e  a i r p l a n e ,  

I t  i s  b e l i e v e d  t h a t  t h e  v a r i a t i o n  of d r a g  c o e f f i c i e n t  
w i t h  l i f t  c o e f f i c i e n t  a t  t n e  l o w  v a l u e s  o f  l i f t  c o e f f i c i e n t ,  
shown on  f i g u r e s  9 ,  1 0 ,  a n d  11, aay b e  d u e  t o  a f o r e - a n d - a f t  
movement of t h e  t r a n s i t i o n  l i n e  of  b o ’ u n d a r y - l a y e r  f l o w  f r o m  
l a m i n a r  t o  t u r b u l e n t  f l o w .  Such a movement of t h e  t r a n s i -  
t i o n  p o i n t  on t h e  w i n g  of t h e  P-51B a i r p l a n e  i s  p o s s i b l e ,  be -  
c a u s e  i t s  a i r f o i l  s e c t i o n  h a s  a v e r y  smal l  p r e s s u r e  g r a d i e n t  
a t  l i f t  c o e f f i c i e n t s  n e a r  i t s  d e s i g n  v a l u e ,  a n d  h e n c e  i s  
v e r y  c r i t i c a l  t o  s u r f a c e  w a v i n e s s ,  wh ich  m i g h t  w e l l  v a r y  
w i t h  t h e  l o a d  on t h e  wing .  

Few d a t a  w e r e  a v a i l a b l e  f r o m  t h e  d i v e s  t o  s h o w  t h e  v a r -  
i a t i o n  of  d r a g  c o e f f i c i e n t  w i t h  R e y n o l d s  number ,  b u t  t h e  
d a t a  t h a t  w e r e  a v a i l a b l e  (be low t h e  Nach number o f  d r a g  d i -  
v e r g e n c e )  seemed t o  i n d i c a t e  v e r y  l i t t l e ,  i f  a n y e  v a r i a t i o n  
a t  c o n s t a n t  l i f t  c o e f f i c i e n t s .  T h i s  i s  n o t  a t  a l l  c o n c l u -  
s i v e ,  b u t  i t  i s  i n t e r e s t i n g  i n  t h e  l i g h t  of t h e  r e s a l t s  r e -  
p o r t e d  i n  r e f e r e n c e  1. 

WIND-TUNNEL INVEST I G A T  I 3N 

D e s c r i p t i o n  of A p p a r a t u s  

The model t e s t s  w e r e  c o n d ~ c t e d  i n  t h e  Ames 1 6 - f o o t  h i g h -  
s p e e d  wind  t u n n e l .  T h i s  wind  t u n n e l  i s  o f  t h e  s i n g l e - r e t u r n ,  
c l o s e d - t h r o a t  t y p e  a n d  h a s  a c i r c i ~ l a r  c r o s s  s e c t i o n  t h r o u g h -  
o u t  i t s  l e n g t h ,  T w o  5 - p e r c e n t - t h i c k  f r o n t  s t r u t s  a n d  a s i n -  
g l e  7 - p e r c e n t - t h i c k  r e a r  s t r u t  s u p p o r t e d  t h e  model d u r i n g  
t h e  t e s t s .  ( S e e  f i g .  16.) A l l  t h r e e  s t r u t s  w e r e  u n s h i e l d e d  
a n d  h a d  t h e  t r a n s i t i o n s  o f  t h e i r  r e s p e c t i v e  b o u n d a r y  l a y e r s ,  
f r o m  l a m i n a r  t o  t u r b u l e n t  flow’, f i x e d  a t  t h e i r  l o - p e r c e n t -  
c h o r d  p o i n t s .  Wi th  t h e  model  !iiounted i n  t h e  wind. t u n n e l ,  
t e s t  Mach numbers  as h i g h  as 0 , 8 2 5  were  r e a c h e d .  The t u r b u -  
l e n c e  l e v e l  i n  t h e  1 6 - f o o t  wind t u n n e l  i s  v e r y  low, a p p r o a c h -  
i n g  c l o s e l y  t h a t  o f  wind  t u n n e l s  d e s i g n e d  e s p e c i a l l y  t o  h a v e  
l o w  t u r b u l e n c e .  
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The model a s  t e s t e d  r e p r e s e n t e d  t o  1 / 3 - s c a l e  t h e  P-51B 
a i r p l a n e ,  even  t o  d e t a i l s  s u c h  a s  r a d i a t o r - s c o o p - f l a p  s e t t i n g ,  
s t a b i l i z e r  a n g l e ,  p l u g g i n g  o f  t h e  c a r b u r e t o r  s c o o p ,  s e r v i c e  
P i t o t - s t a t i c  h e a d ,  r a d i o  mast, a i r s p e e d  booms ,  t e m p e r a t u r e  
boom, a n d  a n t e n n a .  Roughness  i n  t h e  f o r m  o f  number 6 0  c a r -  
borundum d u s t  was g l u e d  t o  t h e  w i n g  s u r f a c e  on a 3 / 1 6 - i n c h -  
w i d e  s t r i p  a t  t h e  l o c a t i o n s  of t h e  l e a d i n g  e d g e s  of  t h e  
l a n d i n g - g e a r  d o o r s  a n d  mach ine -gun-ammuni t ion  d o o r s ,  a n d  
a r o u n d  t h e  b a s e  o f  t h e  p r o p e l l e r  s p i n n e r  ( f i g ,  1 7 )  t o  s imu-  
l a t e  d i s c o n t i n u i t i e s  i n  t h e  a i r p l a n e ' s  s u r f a c e  a t  t h e s e  
p o i n t s .  

F o r  p a r t  o f  t h e  t e s t s ,  i n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  
o f  t h e  d u s t  on t h e  a i r p l a n e ,  t h e  f o r w a r d  p o r t , i o n s  o f  t h e  
model were  s p r a y e d  w i t h  l a co .ue r  and. t h e  s u r f a c e  l e f t  u n -  
smoo thed .  Whi le  t h e  r e s u l t i n g  s i ~ r f a c e  (fig., la) was g e r c e p -  
t i b l y  rou .gher  t h a n  t h e  d .us ty  a i r - p l a n e  s . ~ I ' ~ ~ c E : :  t e s t s  of  t h e  
model i n  t h e  r o u s h e n e d  c o n d i t i o n ,  when c o m ~ a r e d  w i t h  t h o s e  
of t h e  model i n  t h e  smoo-th c o n d i t i o n .  g a v e  ail i n i i z a t i o n  o f  
t h e  e f f e c t  o f  d u s t  u p o n  t h e  &rag c o e f f i c i e n ;  c ; i  i - he  a i r p l a n e .  
The h e i g h t s  o f  t h e  g r a ' n s  on t , h e  m o d e l  ?ui.-Tace v a r i e d  f r o m  
0 . 0 0 0 5  t o  0 .0015 i n c h .  The model t e s t s  w e r e  made w i t h  t h e  
r u d d e r ,  e l e v a t o r ,  arid ailerons, and  t h e i r  r e s p e c t i v e  t a b s ,  
u n d e f l e c t e d ,  The c o o l i n g - a i r - o u t l e t  f l a y .  was i n  t h e  f l u s h  
p o s i t i o n .  

T e s t  a n d  C o m p u t a t i o n a l  P r o c e d u r e  

Mach n u n b e r  a n d  d y n a m i c - p r e s s u r e  c a l i j r a t i o n  of t h e  
wind  t u n n e l  was o b t a i n e d  t h r o u g h  a s t a t l s - p r e s s u r e  ( p s )  
s u r v e y  o f  t h e  t e s t  s e c t i o n  w i t h  t n e  s u p p o r t  s t r u t s  i n  p l a c e  
a n d  t h e  model r emoved ,  T h e  t o t a l  p r e s s u r e  w;s assumed e q u a l  
t o  * t h e  a t x o s p h e r i c  p r e s s u r e  pa  f t k i s  a s s u m p t i  on  has b e e n  
j u s t i f i e d  by p r e v i o u s  t e s t s )  a n d  t h e  Mach n u n b e r  was c a l c u -  
l a t e d  on t h e  b a s i s  o f  a d i a b a t i c  f l o w  i n  a c c o r d a n c e  w i t h  t h e  
f o l l o w i n g  e q - u a t i o n :  

The c a l i b r a t i o n  was made w i t h  r e f e r e n c e  t o  t h e  s t a t i c  p r e s -  
s u r e  m e a s u r e d  a t  t h e  t u n n e l  w a l l  a h e a d  of  t h e  t e s t  s e c t i o n .  
P r e v i o u s  t e s t s  h a v e  shown t h i s  r e fc ; . e?cc  p r e s s u r e  t o  b e  a n -  
a f f e c t e d  by t h e  p r e s e n c e  of t h e  n o d e l ,  T h a  s t a t i c - p r e s s u r e  
s u r v e y  was made w i t t i  t h e  m u ; t i p 2 e - - b o o n  r a k e  s h o d 2  i n  f i g u r e  
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1 9 .  I n  o r d e r  t o  s u r v e y  a t  f o u r  l o n g i t u d i n a l  s t a t i o n s  i n  any  
v e r t i c a l  p l a n e ,  f o u r  3e t s  o f  s t a t i c - p r e s s u r e '  o r i f i c e s  w e r e  
u s e d  on e a c h  o f  t h e  79 - inch - long  s t e e l  b o o m s o  The s u r v e y  
wing  upon  which  t h e  booms wore  m o u t t e d  was o f  3 8 - i n c h  c h o r d  
a n d  o n l y  6 p e r c e n t  o f  i t s  c h o r d  t h i c k  s o  a s  t o  m i n i m i z e  t h e  
d i s t u r b a n c e  of t h i s  w i n g  o n  t h e  a i r  flaw. The s u r v e y  w i n g  
was moun ted  d o w n s t r e a m  f r o m  t h e  f r o n t  s t r u t s  i n  o r d e r  t h a t  
t h e  s t a t i c - p r e s s u r e  survey would g i v e  d a t a  a t  t h e  p o s i t i o n  
of t h e  model wing .  The s t a t i c  p r e s s u r e  was m e a s u r e d  i n  
t h r e e  h o r i z o n t a l  p l a n e s :  one 1 2  i n c h e s  a b o v e  t h e  c e n t e r  
l i n e ,  one on t h e  c e n t e r  l i n e ,  and one 1 2  i n c h e s  b e l o w  t h e  
c e n t e r  l i n e .  F i g u r e  2 0  shows t h e  a p p r o x i m a t e  v a r i a t i o n  O f  
Mach number i n  t h e  p l a n e  of  t h e  P-51B n o d e l  w l n g  a t  t w o  t u n -  
nel s p e e d s .  I n  e v a l u a t i n g  t h e  c a l i b r a t i o n ,  t h e  Zach number 
was a s sumed  t o  b e  t h e  a v e r a g e  value o v e r  t h e  p r o j e c t e d  a r ea  
o f  t h e  model i n  t h e  h o r i z o n t a l  p l a n e  t h r o u g h  t h e  w i n g  t r u n -  
n i o n s .  A n g u l a r i t y  o f  t h e  f l o w  was t a k e n  as  t h e  d i f f e r e n c e  
i n  t h e  a n g l e  o f  z e r o  l i f t  f r o m  t e s t s  o f  t h e  model u p r i g h t  
a n d  i n v e r t e d .  T a r e  d r a g s  o f  t h e  s u p p o r t  s t r u t s  were  mqas- 
u r e d  w i t h  t h e  model  removed from t h e  t u n n e l .  C o r r e c t i o n s  
f o r  c o n s t r i c t i o n  w e r e  s p p l i e d  t o  t h e  Yach number a n d  t h e  
l i f t ,  d r a g ,  and t a r e  c o e f f i c i e n t ;  a c c 3 r L i n g  t o  t h e  m e t h o d s  
O f  r e f e r e n c e  2 w i t h  t h o  single ~ ? x c c p t l c n  i,'?zf :'n. p o w e r  O f  

B ,  t h e  c o m p r e s s i b i l i t y  f a - ~ t c r ,  i n  t h e  f v s e ' a e c ,  '3isckag-e 
f a c t o r  was c h a n q e d  f r o m  4 6 0  3 ,  ? k c  c:irrLge i n  t h e  e f f e c t  O f  

c o m p r e s s i b i i . : t y  on t h e  ~ 1 2 c k a g e  C O ~ I - ~ C L L ~ ~  i s  o a s q d  on new, 
a n d  a s  y e t ,  u n p L b l i s 5 e d  w o r k  o n  f i l e  at t h i s  L a b o r a t o r y ,  The 
c o r r e c t i o n s  a p p l i e d  weye a s  f o l l o w s :  

w h e r e  N o  and  C o  a r e  Macn number a n d  f o r c e  c o e f f i c i e n t ,  
r e s p e c t i v e l y ,  b a s e d  on t h e  c a l i b r a t i o n  w i t h  t h e  model Out O f  

t h e  w i n d  t u n n e l ,  The b l o c k a g e  f s c t , o r  d u e  t o  t h e  model  i s  

w h e r e  

C o r r e c t i o n s  t o  t h e  a n g l e  of a t t a c k  a n d  d . r ag  c o e f f i c i e n t s  d u e  
t o  t h e  p r e s e n c e  o f  t h e  t u n n e l  walls w e r e  mads i n  t h e  manner  
of  r e f e r e n c e  3. T h e s e  c o r r e c t i o n s  w e r e  
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h a  = 1 .019  C L  d e g r e e s  

A C D  = 0.0178 CL 2 

Wind-Tunnel -Tes t  R e s u l t s  

.. 

The v a r i a t i o n  of d r a g  c o e f f i c i e n t  w i t h  l i f t  c o e f f i c i e n t  
a n d  Mach number i s  p r e s e n t e d  i n  f i g u r e s  2 1 ,  2 2 ,  a n d  23. The 
R e y n o l d s  number of  t h e  model t e s t s ,  b a s e d  on a n  a v e r a g e  
c h o r d  o f  2.169 f e e t ,  v a r i e d  from 4 , 5 0 0 , 0 0 0  t o  8,300,000. 
The m e a s u r e m e n t s  of  t h e  f o r c e s  on t h e  mode l  a r e  b e l i e v e d  t o  
b e  a c c u r a t e  t o  w i t h i n  o n e - h a l f  o f  1 p e r c e n t ,  h e n c e  t h e  d a t a  
a r e  a b o u t  as  a c c u r a t e  as t h e  c o r r e c t i o n s  t o  t h e  d a t a  a l l o w .  
The t u n n e l - w a l l  a n d  m o d e l - c o n s t r i c t i o n  c o r r e c t i o n s  a r e  n e c e s -  
s a r i l y  o f  a t h e o r e t i c a l  n a t u r e ,  b u t  a r e  i n  g e n e r a l  s m a l l ,  
r e l a t i v e  t o  t h e  m e a s u r e d  f o r c e s ,  a m o u n t i n g  t o  l e s s  t h a n  4 
p e r c e n t  a t  0 .80 Mach number a n d  l o w  v a l u e s  of  l i f t  c o e f f i -  
c i e n t .  ( T h e s e  c o r r e c t i o n s  a r e  much s m a l l e r  a t  l 2 w  Mach num- 
b e r s . )  An e x a c t  c o r r e c t i o n  f o r  s t r u t  i n t e r f e r e n c e  o r  c o n -  
s t r i c t i o n  i s  i m p o s s i b l e  b e c a u s e  o f  t h e  v a r i a t i o n  i n  t h e  f l o w  
v e l o c i t y  t h r o u g h o u t  t h e  t e s t  s e c t i o n  a t  h i g h  s p e e d s ,  a s  i n -  
d i c a t e d  i n  f i g u r e  20. 

COMPARISON OF FLIGHT AND W I N D - T U N N E L  R Z S U L T S  

The d a t a  o f  f i g u r e s  9 ,  1 0 ,  11, and  2 2  h a v e  3 e e n  c o l -  
l e c t e d  i n  f i g u r e s  23 a n d  24 t o  p r o v i d e  a d i r e c t  G: ,npar i son  
b e t w e e n  t h e  f l i g h t  a n d  w i n d - t u n n e l  r e s u l t s .  The  t e s t  p o i n t s  
shown i n  f i g u r e  24  a r e  t h e  d r a g  c o e f f i c i e n t s  d e t e r m i n e d  f r o m  
t h e  f l i g h t  t e s t s , a n d  t h e  u n b r o k e n  l i n e  i s  t h e  d r a g  c o e f f i -  
c i e n t  f r o m  t h e  w i n d - t u n n e l  t e s t s  s e l e c t e d  a t  t h e  l i f t  c o e f -  
f i c i e n t  ( i n c l u d i n g  t h e  p u l l - o u t )  o f  t h e  f l i g h t  d a t a  a t  t h a t  
p a r t i c u l a r  Mach number ,  The p r i n c i p a l  d i f f e r e n c e s  b e t w e e n  
t h e  w i n d - t u n n e l  model and  t h e  t e s t  a i r p l a n e  w e r e  t h e  wing-  
gun a n d  l a n d i n g - g e a r  d o o r s ,  p r o t r u d i n g  s c r e w  h e a d s  on t h e  
l o w e r  s u r f a c e  of t h e  w i n g ,  v a r i o u s  j o i n t s  i n  t h e  f u s e l a g e ,  
a n d  w a v e s  i n  t h e  s u r f a c e  of t h e  w i n g ,  a s  w e l l  a s  t h e  d u s t  
t h a t  c o l l e c t e d  on t h e  s u r f a c e  o f  t h e  a i r p l a n e  d u r i n g  t a k e -  
o f f .  I n  c o n n e c t i o n  w i t h  a d i s c u s s i o n  of  t h e  d i f f e r e n c e s  b e -  
t w e e n  t h e  model a n d  t h e  a i r p l a n e ,  i t  s h o u l d  b e  p o i n t e d  o u t  
t h a t  t h e  two w e r e  s imi l a r  i n  s u c h  d e t a i l s  a s  t h e  t w o  a i r -  
s p e e d  b o o m s ,  s e r v i c e  p i t o t  mast, r a d i o  m a s t ,  h i g h - f r e q . u e n c y  
a n t e n n a ,  a n d  c a r b u r e t o r  and  c o o l i n g - a i r  f l o w s ,  The a i r p l a n e  
a l s o  was e q u i p p e d  w i t h  m e t a l - c o v e r e d  e l e v a t o r s  wh ich  more 

c 
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n e a r l y  s i m u l a t e d  t h e  s u r f a c e  o f  t h e  s o l i d  a l u m i n u m - a l l o y  
e l e v a t o r s  o n  t h e  model t h a n  d i d  t h e  o r i g i n a l  f a b r i c - c o v e r e d  
e l e v a t o r s .  

The d r a g  c h a r a c t e r i s t i c s  of t h e  a i r p l a n e  d e t e r m i n e d  
f rom t h e  wind t u n n e l  and  from f l i g h t ,  e x c l u d i n g  t h e  r e s u l t s  
o b t a i n e d  d u r i n g  t h e  p u l l - o u t s  f rom d i v e s ,  are i n  good a g r e e -  

’ ment a s  may b e  s e e n  i n  f i g u r e  24,  The F a c h  number f o r  d r a g  
d i v e r g e n c e  a n d ,  i n  p a r t i c u l a r ,  t h e  r a t e  of  i n c r e a s e  o f  d r a g  
a b o v e  t h i s  Mach number a s  f o u n d  f rom f l i g h t  a r e  w e l l  ?re- 
d i c t e d  f rom t h e  w i n d - t u n n e l  t e s t s ,  a l t h o u g h  t h e  v a l u e s  o f  
d r a g  c o e f f i c i e n t s  o b t a i n e d  i n  f l i g h t  a r e  s l i g h t l y  h i g h e r  
t h a n  t h o s e  o b t a i n e d  i n  t h e  wind  t u n n e l ,  

D u r i n g  t h e  p u l l - o u t s ,  a l l  of which  o c c u r r e d  a b o v e  t h e  
Mach number  of d r a g  d i v e r g e n c e ,  t h e  f l i g h t - t e s t  d a t a  show 
d e f i n i t e l y  h i g h e r  d r a g  c o e f f i c i e n t s  w h i c h ,  p r e s u m a b l y ,  would 
b e  d u e  t o  t h e  i n c r e a s e d  l i f t  c o e f f i c i e n t ,  The w i n d - t u n n e l -  
t e s t  d a t a  a t  c o m p a r a b l e  l i f t  c o e f f i c i e n t s  and  Mach n u m b e r s ,  
however  , showed b u t  n e g l i g i b l y  h i g h e r  v a l u e s .  The h i g h e r  
v a l u e s  i n  f l i g h t  may b e  d u e ,  i n  p a r t ,  t o  t h e  e f f e c t s  O f  a n  
i n c r e a s e  i n  s u r f a c e  w a v i n e s s  o f  t h e  wing  a c c o m p a n y i n g  t h e  
g r e a t e r  a i r  l o a d s  of t h e  p u l l - o u t ,  or t o  a h y s t e r e s i s  e f f e c t  
w h i c h  c a u s e s  t h e  s e p a r a t i o n  d u e  t o  t h e  s h o c k  t o  p e r s i s t  d u r -  
i n g  t h e  p u l l - o u t ,  On t h e  o t h e r  h a n d ,  t h e  f l i g h t  R e y n o l d s  
numbers  e x c e e d  t h o s e  f o r  t h e  model t e s t s ,  as s e e n  i n  f i g u r e  
25 ,  p a r t i c u l a r l y  a t  t h e  l o w e r  a l t i t u d e s  d u r i n g  t h e  p u l l - o u t ,  
H e n c e ,  t h e  h i g h e r  d r a g  c o e f f i c i e n t s  d u r i n g  t h e  p u l l - o u t s  may 
b e  a n  e f f e c t  o f  R e y n o l d s  number. 

F i g u r e  23 shows t h e  f l i g h t  d a t a ,  w i t h  d u s t  o n  t h e  a i r -  
p l a n e ,  t o  b e  b e t w e e n  t h a t  o f  t h e  w i n d - t u n n e l  d a t a  f o r  t h e  
model i n  t h e  smooth  c o n d i t i o n  and  i n  t h e  r o u g h e n e d  c o n d i t i o n .  
A l t h o u g h  no d i r e c t  measu remen t s  were  made of t h e  g r a i n  s i z e s  
on t h e  a i r p l a n e ,  i t  was g e n e r a l l y  c o n c e d e d  by t h o s e  who ob- 
s e r v e d  b o t h  t h e  model and t h e  a i r g l a n e  t h a t  t h e  model was 
somewhat r o u g h e r  i n  t h e  roughened  c o n d i t i o n  t h a n  t h e  a i r p l a n e  
w i t h  t h e  d u s t  on i t s  s u r f a c e .  

C O N C L U  s I ONS 

1. A c o m p a r i s o n  o f  t h e  d r a g  C h a r a c t e r i s t i c s  o f  a p r o -  
p e l l e r l e s s  P-513 a i r p l a n e  i n  f l i g h t  w i t h  a s i m i l a r  1 / 3 - s c a l e  
model  i n  t h e  Ames 1 6 - f o o t  w i n d  t u n n e l  shows s a t i s f a c t o r y  
a g r e e m e n t  o v e r  t h e  Mach xum’oer r a n g e  i n v e s t i g a t e d  (0 .30 t o  
0 .755) .  
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2. D u r i n g  t h e  p u l l - o u t s  f r o m  d i v e s ,  a l l  o f  w h i c h  O C -  

c u r r e d  a b o v e  t h e  Mach numbers  o f  d r a g  d i v e r g e n c e ,  t h e  a i r -  
p l a n e  d r a g  c o e f f i c i e n t s  w e r e  h i g h e r  t h a n  was i n d i c a t e d  b y  
t h e  w i n d - t u n n e l  r e s u l t s  f o r  t h e  c o r r e s p o n d i n g  l i f t  c o e f f i -  
c i e n t s .  T h i s  r e s u l t  may b e  a n  e f f e c t  o f  B e y n o l d s  n u m b e r ,  a n  
e f f e c t  o f  t h e  i n c r e a s e d  w i n g - s u r f a c e  w a v i n e s s  o c c a s i o n e d  
d u r i n g  t h e  p u l l - o u t s ,  o r  a h y s t e r e s i s  e f f e c t  w h i c h  c a u s e s  
t h e  s e g a r a t i o n  d u e  t o  t h e  s h o c k  t o  p e r s i s t  d u r i n g  t h e  p u l l -  
o u t .  

A m e s  A e r o n a u t i c a l  L a b o r a t o r y ,  
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Figs. 2,3 



ligure 4.- Recorded-static-pooltion-error oorreotten, 
north herloan P-5IB-l-WA airplane. 

Moch number, M 

l'igure 9.- Variation of lift and drag oooffioirnte with Mach number during a 

108. Worth American P-5lEi-1-HA airpbe. 
dire from 85,000 feet, propeller O f f ,  mort d w t  on h i r p h e ,  flight 
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Figure 

I 

ilB airplane being towed by the P-61A 

Figure 6 . -  Dust on the windehield of the North American 

o f f  dive.  
P-51B-1-NA airplane a f t e r  the f irst propeller- 



HACA ACR No. dKOa Figs. 7 , 8  

Figure 7 . -  Dust on the nose sect ion o f  the North American 
P-5lB-l-lVA airplane after the first propeller - 

off dive. 

i 

c Figure 8 . -  Dust on the leading edge of the wing and engine- 
coolant-cooler scoop o f  t he  North American 

P-51B -1-NA airplane. 
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model of the P-5 lB  airplane 
e 16-foot wind tunnel, 

Figure 19,- The 16-foot wind-tunnel static-pressure-survey 

of the P-51B airplane. 
wing as used In t e e t s  of the 1/3-scale model 



(N 
(D 
I 
4 

BACA ACR No. 4K02 

- 

BACA ACR No. 4K02 

I 'z9.0"----1 
F i g .  17 

HATIOIAL ADVISORY COMMITTEE 

Ill FOR AERONAUTICS 



A 

. 

BACA ACR No. 4K02 Fig. 18 

Figure 18.- Surface roughnese on wing 

scale model o f  the P-51B airplane. 
leading ebge of  the 1/3- 
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